Melt chemistry and redox conditions control titanium isotope fractionation during magmatic differentiation by Hoare, Liam et al.
                             Elsevier Editorial System(tm) for Geochimica 
et Cosmochimica Acta 
                                  Manuscript Draft 
 
 
Manuscript Number: GCA-D-19-00956R2 
 
Title: Melt chemistry and redox conditions control titanium isotope 
fractionation during magmatic differentiation  
 
Article Type: Article 
 
Corresponding Author: Mr. Liam Hoare, M.S 
 
Corresponding Author's Institution: Cardiff University 
 
First Author: Liam Hoare, M.S 
 
Order of Authors: Liam Hoare, M.S; Martijn Klaver, PhD; Nikitha Saji, 
PhD; Jamie Gillies, M.S; Ian J Parkinson, PhD; C. Johan Lissenberg, PhD; 
Marc-Alban Millet, PhD 
 
Abstract: Titanium offers a burgeoning isotope system that has shown 
significant promise as a tracer of magmatic processes. Recent studies 
have shown that Ti displays significant mass-dependent variations linked 
to the crystallisation of Fe-Ti oxides during magma differentiation. We 
present a comprehensive set of Ti isotope data for a range of 
differentiation suites from alkaline (Ascension Island, Afar and Heard 
Island), calc-alkaline (Santorini) and tholeiitic (Monowai seamount and 
Alarcon Rise) magma series to further explore the mechanics of Ti isotope 
fractionation in magmas. Whilst all suites display an increase in 
49/47Ti (deviation in 49Ti/47Ti of a sample relative to the OL-Ti 
reference material) during magma differentiation relative to indices such 
as increasing SiO2 and decreasing Mg#, our data reveal that each of the 
h ee magma e ie  ha e c a i g 49/47Ti f ac i nation patterns over 
comparable ranges of SiO2 and Mg#. Alkaline differentiation suites from 
intraplate settings display the most substantial range of variation 
( 49/47Ti = +0.01  +2.32 ), f ll ed b  h leii e  (-0.01  +1.06 ) 
and calc-alkaline magmas (+0.06  +0.64 ). Alkali e magma  e  high 
initial melt TiO2 contents which enables early saturation of ilmenite + 
titanomagnetite and a substantial degree of oxide crystallisation, 
whereas tholeiitic and calc-alkaline suites crystallise less oxide and 
have titanomagnetite as the dominant oxide phase. Positive slopes of 
FeO*/TiO2 vs. SiO2 during magma differentiation are related to high 
degrees of crystallisation of Ti-rich oxides (i.e. ilmenite). Bulk solid-
melt Ti isotope fractionation factors co-vary with the magnitude of the 
slope of FeO*/TiO2 vs. SiO2 during magma differentiation, this indicates 
that the modal abundance and composition of the Fe-Ti oxide phase 
assemblage, itself is controlled by melt composition, governs Ti isotope 
fractionation during magma evolution. In addition to this overall 
control, hydrous, oxidised calc-alkaline suites display a resolvable 
i c ea e i  49/47Ti a  highe  Mg# ela i e  d ie  a d m e ed ced 
tholeiitic arc suites. These subparallel Ti isotope fractionation 
patterns are best explained by the earlier onset of oxide segregation in 
arc magmas with a higher oxidation state and H2O content. This indicates 
the potential of Ti isotopes to be utilised as proxies for geodynamic 
settings of magma generation. 
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Abstract 15 
 16 
Titanium offers a burgeoning isotope system that has shown significant promise as a 17 
tracer of magmatic processes. Recent studies have shown that Ti displays significant mass-18 
dependent variations linked to the crystallisation of Fe-Ti oxides during magma differentiation. 19 
We present a comprehensive set of Ti isotope data for a range of differentiation suites from 20 
alkaline (Ascension Island, Afar and Heard Island), calc-alkaline (Santorini) and tholeiitic 21 
(Monowai seamount and Alarcon Rise) magma series to further explore the mechanics of Ti 22 
isotope fractionation in magmas. Whilst all suites display an increase in 49/47Ti (deviation in 23 
49Ti/47Ti of a sample relative to the OL-Ti reference material) during magma differentiation 24 
relative to indices such as increasing SiO2 and decreasing Mg#, our data reveal that each of 25 
the three magma series have contrasting 49/47Ti fractionation patterns over comparable ranges 26 
of SiO2 and Mg#. Alkaline differentiation suites from intraplate settings display the most 27 
substantial range of variation ( 49/47Ti = +0.01 to +2.32 ), followed by tholeiites (-0.01 to 28 
+1.06 ) and calc-alkaline magmas (+0.06 to +0.64 ). Alkaline magmas possess high initial 29 
melt TiO2 contents which enables early saturation of ilmenite + titanomagnetite and a 30 
substantial degree of oxide crystallisation, whereas tholeiitic and calc-alkaline suites crystallise 31 
less oxide and have titanomagnetite as the dominant oxide phase. Positive slopes of 32 
FeO*/TiO2 vs. SiO2 during magma differentiation are related to high degrees of crystallisation of 33 
Ti-rich oxides (i.e. ilmenite). Bulk solid-melt Ti isotope fractionation factors co-vary with the 34 
magnitude of the slope of FeO*/TiO2 vs. SiO2 during magma differentiation, this indicates that 35 
the modal abundance and composition of the Fe-Ti oxide phase assemblage, itself is controlled 36 
by melt composition, governs Ti isotope fractionation during magma evolution. In addition to 37 
this overall control, hydrous, oxidised calc-alkaline suites display a resolvable increase in 38 
49/47Ti at higher Mg# relative to drier and more reduced tholeiitic arc suites. These subparallel 39 
Ti isotope fractionation patterns are best explained by the earlier onset of oxide segregation in 40 
arc magmas with a higher oxidation state and H2O content. This indicates the potential of Ti 41 
isotopes to be utilised as proxies for geodynamic settings of magma generation. 42 
 43 
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1. Introduction 47 
 48 
As a result of recent advances in mass spectrometry a growing arsenal of non-49 
traditional mass-dependent isotope systems have been applied to investigate the evolution of 50 
the Earth and other terrestrial bodies in the solar system, such as Mg (Teng et al., 2010; Hin et 51 
al., 2017), Ca (Simon and DePaolo, 2010; Chen et al., 2019), Fe (Craddock and Dauphas, 52 
2011; Debret et al., 2016), Cr (Bonnand et al., 2016; Schoenberg et al., 2016), V (Prytulak et 53 
al., 2013; Prytulak et al., 2016; Sossi et al., 2018) and Ni (Klaver et al., 2020). In particular, 54 
analytical advances have enabled increasing application of non-traditional isotopes to study 55 
high temperature processes, such as magmatic differentiation, where magnitudes of 56 
equilibrium isotope fractionation were generally inferred to be too small to resolve prior to the 57 
advent of high resolution MC-ICP-MS (Zhang et al., 2011; Millet et al., 2012; Millet and 58 
Dauphas, 2014; Teng et al., 2015; Willbold et al., 2016; McCoy-West et al., 2017; Nanne et al., 59 
2017). Titanium is a refractory lithophile element that is highly fluid-immobile and abundant in 60 
igneous rocks. It has been used extensively within igneous geochemistry to trace magmatic 61 
processes and mantle source composition, including delineating island arc signatures in the 62 
geologic record (e.g. Pearce and Cann, 1973; Shervais, 1982) and more recently, enriched 63 
mantle sources in ocean islands (Prytulak and Elliott, 2007).In stark contrast to the use of Ti 64 
concentrations,, the mass-dependent isotopic composition of Ti has only recently been 65 
investigated and applied as a novel isotopic tool to study magmatic processes (Millet et al., 66 
2016; Greber et al., 2017; Deng et al., 2018; Deng et al., 2019; Johnson et al., 2019).  67 
Titanium is present in several co-ordination states within magmatic systems: it 68 
predominantly exists in 5-fold co-ordination in silicate melts but can also occupy 4-fold and 6-69 
fold co-ordination in silicic and mafic melts respectively (Farges et al., 1996; Farges and Brown, 70 
1997). Mass-dependent isotope fractionation theory dictates that equilibrium mass-dependent 71 
isotope fractionation is driven by contrasts in co-ordination number, which by extension control 72 
bond strength, with heavy isotopes preferring stronger bonds and vice versa (e.g. Schauble, 73 
2004; Young et al., 2015). As the Ti budget of igneous rocks is controlled by Fe-Ti oxides, such 74 
as titanomagnetite (Fe2+[Fe3+,Ti]2O4) and ilmenite (FeTiO3), in which Ti is predominantly hosted 75 
in 6-fold sites, the crystallisation of Fe-Ti oxides should consequentially be the main driver of Ti 76 
isotope fractionation in magmatic systems, with 49/47Ti progressively increasing from basaltic 77 
to rhyolitic compositions (Millet et al., 2016, Deng et al., 2019, Johnson et al., 2019). Because 78 
Fe-Ti oxide saturation in magmatic systems is controlled in part by the intimate link between 79 
magma redox state and water content, this suggests that Ti isotopes have the potential to 80 
provide insights into the oxidation state and water content of mantle melts. This property hold 81 
promise because, in contrast to other redox sensitive elements such as Fe (Sossi et al., 2012; 82 
Dauphas et al., 2014) and V (Prytulak et al., 2016; Sossi et al., 2018), Ti only exists in one 83 
valence state in terrestrial magmatic environments as Ti4+ (Millet et al., 2016). This removes the 84 
additional complexity of mass-dependent isotope fractionation between different redox states 85 
e.g. Fe2+ and Fe3+ (Williams et al., 2004; Sossi et al., 2012; Dauphas et al., 2014).  86 
Previous work (Millet et al., 2016; Deng et al., 2019; Johnson et al., 2019, Wang et al., 87 
2020) has demonstrated the utility of Ti isotopes as tracers of oxide-melt equilibrium. These 88 
studies report magmatic samples exhibiting a progressive increase in 49/47TiOL-Ti (deviation in 89 
49Ti/47Ti in a sample relative to the OL-Ti reference material; hereafter written as 49/47Ti) with 90 
increasing SiO2 (wt%). This was attributed to the crystallisation of Fe-Ti oxides, in which 91 
isotopically light Ti is preferentially incorporated, thus enriching the remaining melt in heavy Ti 92 
isotopes. Greber et al. (2017) recently utilised this relationship in order to constrain the 93 
composition of continental crust through time, identifying Ti isotope signatures in Archean 94 
shales that indicate that they were likely derived from a felsic protolith. However, Deng et al. 95 
(2019) observed a greater range of fractionation in differentiated samples from sub-alkaline 96 
intraplate lavas from the Afar rift and Hekla in Iceland ( 49/47Ti of -0.005 to +2.012 ) compared 97 
to that of the calc-alkaline Agung suite ( 49/47Ti of +0.054 to +0.259 ) measured by Millet et al. 98 
(2016) and argued for an auxiliary role of melt structure linked to the propensity of more silicic 99 
melts to contain a higher proportion of Ti in 4-fold co-ordination (e.g. Farges et al., 1996, 100 
Farges and Brown, 1997). The current data set of mass-dependent Ti isotope data for 101 
differentiated samples is limited; hence, it is difficult to ascertain if other controls beside Fe-Ti 102 
oxide crystallisation exist. The main objective of this contribution is to present high-precision 103 
49/47Ti measurements of complete differentiation suites in order to: (i) better quantify the 104 
fractionation behaviour of Ti isotopes during magmatic differentiation in different magmatic 105 
series (alkaline, calc-alkaline and tholeiitic); (ii) determine the presence of auxiliary controls to 106 
oxide-melt equilibrium that can either serve to help or hinder Ti isotope fractionation, such as 107 
discerning the significance of ilmenite versus titanomagnetite crystallisation as these phases 108 
have different Ti bonding environments and thus potentially different fractionation factors e.g. 109 
(Leitzke et al., 2018, Wang et al., 2020); and (iii) investigate the potential of Ti isotopes to serve 110 
as proxy for the conditions of magma evolution such as redox and melt H2O content. 111 
 112 
2. Sample context and background 113 
 114 
In order to investigate the behaviour of Ti isotopes during magmatic differentiation, we 115 
selected a diverse range of predominantly basalt to rhyolite differentiation suites from different 116 
geodynamic settings with distinct differentiation trends; alkaline, calc-alkaline and tholeiitic. 117 
Whole rock major element variation diagrams and discrimination diagrams for these suites 118 
reveal distinct evolution patterns for each of the three magma series investigated here (Fig.1; 119 
see Table S1). This is particularly evident in K2O and total alkalis, Mg#, and TiO2 (Fig. 1). 120 
Alkaline intraplate and tholeiitic lavas typically have low H2O contents and are relatively 121 
reduced (Moore, 1970; Canil, 1999; Campbell, 2001; Dixon and Clague, 2001; Lee et al., 122 
2005). In contrast, calc-alkaline arc magmas are H2O-rich and oxidised, and hence would 123 
display earlier onset of Fe-Ti oxide saturation during magma differentiation (Toplis and Carroll, 124 
1995; Howarth and Prevec, 2013; MacLeod et al., 2013; Nandedkar et al., 2014). Importantly, 125 
upon oxide saturation, oxidised magmas crystallise Fe-Ti oxides with lower Ti content than 126 
more reduced magmas (e.g. Toplis and Carrol, 1995; Berndt et al. 2005; Feig et al. 2010). 127 
Calc-alkaline lavas are dominated by titanomagnetite, with ilmenite only appearing in the late 128 
stages of differentiation, whereas in reduced magmas ilmenite tends to saturate earlier (e.g. 129 
Berndt et al., 2005; Feig et al., 2010). Since the pioneering work of Harker and Daly in the early 130 
20th century e.g. (Harker, 1909; Daly, 1914) it has been established that tholeiitic magmas are 131 
characterised by enrichments in TiO2 and FeO during early stages of magma differentiation, 132 
that is less pronounced in calc-alkaline magmas due to earlier crystallisation of clinopyroxene 133 
and Fe-Ti oxides. Alkaline differentiation suites from intraplate settings display the largest 134 
enrichments in TiO2 compared with both tholeiitic and calc-alkaline suites due to their origin as 135 
small melt fractions derived from enriched sources (e.g. Prytulak and Elliott, 2007) (Fig. 1 a and 136 
b). The salience of this origin is that their elevated TiO2 contents enables them to stabilise both 137 
titanomagnetite and ilmenite during the early stages of magmatic differentiation (Toplis and 138 
Carroll, 1995). Additionally, these intraplate magmas tend to have an intermediate oxygen 139 
fugacity between that of mid-ocean ridge tholeiites and calc-alkaline arcs (Kress and 140 
Carmichael, 1991). 141 
The suites measured in this study were selected based on the criteria that they are the 142 
product of magma differentiation by fractional crystallisation with very limited modification by 143 
magma mixing or hybridisation. Evidence for the general absence of magma mixing in the 144 
studied suites comes from the scarcity of reverse zoning and disequilibrium textures e.g. 145 
Ascension Island (Chamberlain et al., 2016; Chamberlain et al., 2019) and Santorini (Klaver, 146 
2016), lack of radiogenic isotope variation in Agung (Dempsey, 2013), Heard Island (Barling et 147 
al., 1990a,b, 1994a) and Monowai (Timm et al., 2011) or the preservation of the FeO*, TiO2, 148 
and incompatible trace element enrichment along a single liquid line of descent in magmas 149 
recording the early stages of magma differentiation in Alarcon Rise (Clague et al., 2018), 150 
Monowai (Kemner et al., 2015) and the Afar Rift (Field et al., 2013). Whilst magma mixing is 151 
often invoked as the main mechanism of generation of intermediate arc magmas e.g. (Reubi 152 
and Blundy, 2009; Laumonier et al., 2014; Millet et al., 2014), Santorini is unusual as its 153 
eruptive products are the result of low-pressure fractional crystallisation without significant 154 
magma mixing as indicated by patterns of major and trace element variation (Nicholls, 1971; 155 
Huijsmans et al., 1988; Huijsmans and Barton, 1989; Barton et al., 1983; Michaud et al., 2000; 156 
Zellmer et al., 2000). Volcanic units on Santorini that do show geochemical evidence for 157 
magma mixing, such as the Therasia dome complex and Cape Riva Tuff (Fabbro et al., 2013), 158 
are excluded from this study.  159 
A summary of both the intensive variables for each differentiation suite and Fe-Ti oxide 160 
petrography and composition is provided in Table 1. A brief summary of the geologic context of 161 
each sample suite is provided below.  162 
 163 








1 1205 - 848 
430 - 100 ~0.4 QFM +0.5 - -3.6  
9 22.7 9 50.4 
2 1085 - 800 9 18.1 9 51.0 
Ascension 
Island 
1 1174 - 932 
330 - 250 ~0.5 NNO +0.5 - -2.3 
9 22.2 9 45.7 
2 1034 - 772 9 20.9 9 50.1 
Heard 
Island* 
1 1216 - 1076 
≤ 350 ~0.6 ~ QFM 
9 19.3 9 47.3 
2 1070 - 916 9 15.0 9 41.9 
Santorini  
1 1070 - 1000 
400 - 200 ~3-5 QFM +0.5 - NNO +1.5 
minor 7.9 8 - 
2 1000 - 900 9 11.6 rare 47.5 
Alarcon 
Rise*  
1 1210 - 1100 
100 - 20 ~0.2 ~ QFM-1 
8 - 8 - 
2 1090 - 895 9 22.5 minor 49.9 
Monowai 
1 1200 - 1100 
≤ 300 < 1.1 n.a. 
8 - 8 - 
2 1100 - 1080 9 10.8 8 - 
 164 
Table 1. Summary of intensive variables of magmatic differentiation and oxide petrogprahy for Afar (Field et al., 2013); 165 
Ascension Island (Chamberlain et al., 2019), Heard Island (Barling, 1990); Santorini (Andujar et al., 2015,2016); Alarcon 166 
Rise (Clague et al., 2018) and Monowai (Kemner et al., 2015) differentiation suites measured for their Ti isotopic 167 
composition in this study. * indicates intensive variables and Fe-Ti oxide compositions that are derived from Rhyolite 168 
MELTS (Gualda et al., 2012). H2O (wt%) is based on estimates for the parental magma of each differentiation suite. Ti-169 
mag = titanomagnetite, Ilm = ilmenite. TiO2 (wt%) contents for titanomagnetite and ilmenite are average compositions 170 
taken from representative datasets from the cited literature and GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/) in 171 
the case of Santorini. 172 
 173 
2.1. Alkaline differentiation suites 174 
 175 
2.1.1. Dabbahu, Afar Rift, Ethiopia 176 
 177 
The Afar samples were collected from Dabbahu composite volcano in the Manda-178 
Hararo segment of the Afar Rift, Ethiopia in East Africa which has been active for over 67 179 
ka (Field et al., 2013) and cover a compositional range from alkali basalt through 180 
trachyandesite to peralkaline rhyolite produced via closed system fractionation (Field et al., 181 
2013). Samples in this study encompass a SiO2 range of 47 to 75 and 8.5 wt% to 0.02 wt% 182 
in MgO, while TiO2 contents of the Afar lavas range from 0.16 to 2.9 wt%, with the peak in 183 
TiO2 occurring at a Mg# of 34. It is important to note that the Afar samples measured by 184 
Deng et al. (2019) are taken from the study of Pik et al. (2006), which were sampled from a 185 
different part of the East African rift (Stratoid Series) than those measured in this study, and 186 
differ slightly in their bulk geochemistry. The Dabbahu sample set has a higher peak TiO2 187 
content, larger range of Mg# (Fig. 1, Table S1) and is moderately richer in alkalis (Fig. 1, 188 
Table S1). Both titanomagnetite and ilmenite are present as crystallising phases during the 189 
entirety of magma differentiation in Afar samples (Table 1), with the tendency for the modal 190 
proportion of ilmenite to increase in more evolved lavas (Field et al., 2013). 191 
 192 
2.1.2. Ascension Island 193 
 194 
Ascension Island is located in the southern Atlantic Ocean, 90 km west of the Mid-195 
Atlantic Ridge. The onset of volcanism occurred 5-6 Ma ago, with subaerial volcanism 196 
occurring from ~ 1 Ma to present (Jicha et al., 2013; Preece et al., 2018). The samples are 197 
products of alkaline magmatism and fractional crystallisation (see Chamberlain et al., 2016; 198 
Chamberlain et al., 2019) and cover a similar compositional range to that of the Afar 199 
samples. SiO2 contents range from 48 to 72.3 wt%, MgO contents from 6.1 to 0.1 wt%, and 200 
the TiO2 contents from 0.23 to 2.9 wt% and the maximum in TiO2 contents occurs at Mg# of 201 
46.5. Similar to the Afar Rift, both mafic and felsic lavas have titanomagnetite and ilmenite 202 
in their crystal cargo, with the relative proportion of ilmenite versus titanomagnetite tending 203 
to increase in more intermediate and evolved lavas based on major and trace element 204 
modelling (Chamberlain et al., 2019). 205 
 206 
2.1.3. Heard Island 207 
 208 
The Heard Island samples were collected from the Laurens Peninsula Series on the 209 
Mt. Dixon volcanic cone (≤1 Ma; Clarke et al., 1983) from Heard Island in the southern 210 
Indian Ocean (Barling et al., 1990a,b, 1994a,b). The lavas of the Laurens Peninsula Series 211 
display a unique chemistry compared to other ocean island suites with extreme 212 
enrichments in TiO2, encompassing a range of 0.7 to 5.4 wt% (Barling, 1994a) with the 213 
peak occurring at Mg# ~ 55. The lavas are also highly enriched in alkalis, being shoshonitic, 214 
and cover a compositional range of basanite to trachyandesite. The samples span a range 215 
in SiO2 from 45. to 60 wt% and MgO contents range from 7.4 to 0.6 wt%. A striking 216 
petrologic feature of the Heard Island lavas in the unusually high modal abundance of Fe-Ti 217 
oxides (~17.5 - 20% of phenocrysts; titanomagnetite + ilmenite) in basanitic lavas (Table 1) 218 
which is reflective of their high initial TiO2 contents (Barling et al., 1994a, b). Silicic lavas 219 
are less phyric but titanomagnetite and ilmenite are still dominant phenocryst phases (~5-220 
15%; Barling et al., 1990a).   221 
 222 
2.2. Calc-alkaline differentiation suites 223 
 224 
2.2.1. Santorini 225 
 226 
Eight samples were measured from Santorini volcano in the South Aegean Volcanic 227 
Arc, Greece (Klaver et al., 2016a; Klaver et al., 2016b). The Santorini samples (all <500 ka) 228 
form a complete medium to high-K calc-alkaline fractionation trend from basalt to 229 
rhyodacite. Santorini is the most hydrous differentiation suite sampled in this work with 230 
estimates of the initial H2O contents in primitive lavas ranging from 3-5 wt% (Andújar et al., 231 
2015). SiO2 contents of the samples ranges from 51 to 71.5 wt%, 6.9 to 0.70 wt% for MgO, 232 
and TiO2 contents ranging from 0.43 to 1.22 wt%, reaching a peak at Mg# of 44. On the 233 
basis of patterns of major and trace element variation the studied Santorini samples were 234 
generated mainly as a result of low-pressure fractional crystallisation under hydrous 235 
conditions (Nicholls, 1971; Huijsmans et al., 1988; Huijsmans and Barton, 1989; Michaud et 236 
al., 2000; Zellmer et al., 2000; Andujar et al., 2015, 2016). Primitive lavas in Santorini 237 
contain minor amounts of titanomagnetite (e.g. Nicholls, 1971), with the appearance of 238 
more Ti-rich titanomagnetites in andesitic and dacitic lavas, accompanied by minor ilmenite 239 
(Table 1; Nicholls, 1971).  240 
 241 
2.3. Tholeiitic differentiation suites 242 
 243 
2.3.1. Monowai seamount 244 
 245 
The Monowai seamount is situated in the Tonga-Kermadec arc (Timm et al., 2011). 246 
The lavas range from tholeiitic basalts through to andesite, with their geochemical variation 247 
being consistent with fractional crystallisation under relatively anhydrous conditions (<1.1 248 
wt% H2O) acting as the major process based on petrography and patterns of major and 249 
trace element variation (Timm et al., 2011; Kemner et al., 2015). The SiO2 contents of 250 
these samples range from 51 to 61 wt%, 6.9 to 1.0 wt% for MgO, with TiO2 contents 251 
encompassing a range of 0.57 to 1.17 wt%, reaching a peak in TiO2 contents at Mg# of 252 
44.20. Petrography indicates the onset of titanomagnetite crystallisation at ~ 4 wt % MgO 253 
(Kemner et al., 2015). Magnetite is present in basaltic and basaltic andesite lavas as a 254 
groundmass phase, but major element variation and least squares modelling suggest it is 255 
Ti-poor (Kemner et al., 2015).  256 
 257 
2.3.2. Alarcon Rise 258 
 259 
Situated adjacent to the south eastern tip of Baja California (Mexico), Alarcon Rise 260 
forms part of the northernmost segment of the East Pacific Rise. It is a unique MORB 261 
differentiation suite spanning a compositional range from basalt through to andesite and 262 
rhyolite with up to 77 wt% SiO2 (Clague et al., 2018). Alarcon rise contains the first known 263 
rhyolites to have originated from a mid ocean ridge setting, with their geochemistry being 264 
consistent with petrogenesis via fractional crystallisation (Clague et al., 2018). The SiO2 265 
contents of samples selected for this study range from 49 to 77 wt%, 8.9 to 0.1 wt% for 266 
MgO. The peak TiO2 contents of the suite ranges from 0.17 to 3.0 wt% with the peak 267 
coinciding with an Mg# of ~40. Fe-Ti oxide saturation in Alarcon Rise occurs at 268 
approximately ~4.5 wt% MgO, with titanomagnetite appearing first in the crystallising 269 
assemblage with minor ilmenite occurring in the more evolved lavas (Clague et al., 2018). 270 
 271 
3. Analytical Methods 272 
 273 
Samples measured during this study were processed and measured using the double 274 
spike procedure of Millet and Dauphas (2014). Between 10 and 50 mg of rock powder or glass 275 
chips (for Alarcon Rise samples) were digested in a 1:1 mixture of concentrated HNO3 and HF 276 
on a hotplate at 120°C for 48 hrs. Following complete evaporation samples were then taken up 277 
in concentrated HNO3 and dried down 3 times. Samples were then taken up in concentrated 278 
HCl. Approximately 40 mg of H3BO3 was added to ensure that any fluorides (which can 279 
sequester Ti from solution) are re-dissolved and all Ti from the sample is in solution. Following 280 
digestion, an aliquot corresponding to 5 µg of Ti is taken and equilibrated with a 47Ti-49Ti double 281 
spike in a 48:52 ratio (Millet and Dauphas, 2014). Chemical purification of Ti is achieved 282 
according to the procedure designed by Zhang et al. (2011). Titanium isotope ratios were 283 
measured on a Nu instruments Plasma II multi-collector ICP-MS at the Cardiff Earth Laboratory 284 
for Trace Element and Isotope Chemistry (CELTIC) at Cardiff University. Samples were 285 
introduced through an Aridus II desolvating nebuliser. Isotope measurements were performed 286 
in medium resolution mode. All sample measurements were bracketed by measurements of the 287 
OL-Ti reference material (Millet and Dauphas, 2014) to account for the possibility of small 288 
polyatomic interferences on 47Ti and 48Ti induced by the mass spectrometer. Raw data were 289 
processed offline utilising in-house double spike deconvolution codes written in Mathematica®. 290 
Uncertainties are expressed as 95% confidence intervals (c.i. hereafter). Repeated digestion 291 
and measurements of reference materials JB-2 ( 49/47Ti = -0.03 ± 0.01, n=2), BHVO-2 (-0.01 ± 292 
0.03, n=3), BCR-2 (0.00 ± 0.01, n=3), and RGM-2 (+0.56 ± 0.05, n=5) are in agreement with 293 
that of previous studies (e.g. Millet et al., 2016; Greber et al., 2017). 294 
Major and trace element contents of selected Monowai and Afar samples (see 295 
supplementary table S1) were determined at Cardiff University. Samples were crushed in a Mn 296 
steel jaw crusher, followed by an agate ball mill to produce a fine powder. Loss on ignition was 297 
determined gravimetrically. Powdered samples were prepared for measurement following the 298 
methods utilised in McDonald and Viljoen (2006). Major and trace element measurements were 299 
performed via inductively coupled plasma optical emission spectrometry (ICP-OES) and 300 
inductively coupled plasma mass spectrometry (ICP-MS) respectively. A detailed outline of the 301 
analytical procedures can also be found in McDonald and Viljoen (2006). 302 
 303 
4. Results 304 
 305 
Mass-dependent Ti isotopic compositions for all reference materials and samples 306 
measured in this study are provided in Supplementary table 1 (S1) and illustrated in Figure 2. 307 
Data from Millet et al. (2016); Deng et al. (2019) and Johnson et al. (2019) are included for 308 
comparison. Samples of all three magma series define broadly similar trends of increasing 309 
49/47Ti values with increasing SiO2 (Fig. 2a), consistent with previous studies (Millet et al., 310 
2016; Deng et al., 2019; Johnson et al., 2019), and decreasing Mg# (Fig. 2b), TiO2 (Fig. 2c) 311 
and V contents (Fig. 2d). As first reported by Millet et al. (2016), no significant variation is 312 
exhibited across primitive basaltic samples from MORB (tholeiitic), OIB (alkaline) or arc settings 313 
(calc-alkaline/tholeiitic), which fall within analytical uncertainty and define the BSE value. 314 
Fractionation pathways are offset between the different magma series across a given SiO2 or 315 
Mg# range yet are internally consistent within each magma series (Fig. 2). The following 316 
section outlines the 49/47Ti isotopic variation within each magma series. 317 
 318 
4.1. Alkaline differentiation suites 319 
 320 
Alkaline samples measured in this study define a range from +0.01 ± 0.03  to +2.32 ± 321 
0.03  (Fig. 2). The Afar suite spans the greatest compositional range ( 49/47Ti = +0.03 to 322 
+2.32 ), in comparison to Ascension (+0.01 to +2.09 ) and Heard (+0.05 to +0.89). The 323 
range of 49/47Ti compositions observed in alkaline intraplate lavas is comparable to that 324 
recently observed in intraplate lavas measured by Deng et al. (2019; Hekla and Afar) and 325 
Johnson et al. (2019; Kilaeua Iki). At a given SiO2 content, alkaline suites display a greater 326 
increase in 49/47Ti relative to calc-alkaline and tholeiitic magma series, particularly at more 327 
silicic compositions (>65 wt% SiO2; Fig. 2). Figure 2 shows that all three alkaline suites exhibit 328 
consistent patterns of 49/47Ti variation with regard to both increasing SiO2 and decreasing Mg#. 329 
 330 
4.2. Calc-alkaline differentiation suites 331 
 332 
The 49/47Ti values of all calc-alkaline differentiation suites included in this study vary 333 
between +0.05 ± 0.03  and +0.64 ± 0.02 . The Santorini suite displays a greater range of 334 
variation (+0.06  to +0.64 ) compared to Agung (+0.05  to +0.26 , Fig. 2) which 335 
essentially encapsulates the entire range of 49/47Ti variation observed thus far in calc-alkaline 336 
arc suites. Calc-alkaline suites display the least fractionation at a given SiO2 content (Fig. 2a), 337 
yet conversely display a larger increase in 49/47Ti values at a higher Mg# in comparison to the 338 
tholeiitic differentiation suites of Monowai (tholeiitic island arc) and Alarcon Rise (MOR; Fig. 339 
2b). Interestingly, whilst Santorini lavas exhibit a mild TiO2 enrichment trend at high Mg# (Fig. 340 
1b), they also exhibit a resolvable increase in 49/47Ti over this Mg# range (Fig. 2b). 341 
 342 
4.3. Tholeiitic differentiation suites 343 
 344 
The 49/47Ti composition of samples from the Monowai tholeiitic island arc suite ranges 345 
from -0.01 to +0.27, the smallest magnitude of fractionation of any suite measured in this study, 346 
whereas the mid-ocean ridge tholeiites from Alarcon Rise range from -0.01 to +1.06 (Fig. 2). 347 
When plotted against SiO2, the 49/47Ti values of the tholeiitic suites occupy a region between 348 
the alkaline and calc-alkaline suites (Fig. 2a). However, at a given Mg#, tholeiitic suites display 349 
lighter 49/47Ti values compared to both calc-alkaline and alkaline magma series (Fig. 2b). 350 
 351 
5. Discussion 352 
 353 
5.1. Titanium isotope fractionation during magmatic differentiation in different settings 354 
 355 
The mass-dependent Ti isotopic composition of samples from alkaline, calc-alkaline 356 
and tholeiitic differentiation suites reveals increases in 49/47Ti that are correlated with indices of 357 
magmatic differentiation such as increasing SiO2 content and decreasing Mg# (Fig. 2a and 2b). 358 
These results are congruous with and complimentary to earlier work (Millet et al., 2016; Deng 359 
et al., 2019). The onset of resolvable Ti isotope fractionation coincides with a decrease in TiO2 360 
contents in all suites apart from Santorini (Fig. 2c), and in V (Fig. 2d). This reinforces the 361 
postulation that these trends are the manifestation of fractional crystallisation of Fe-Ti oxides, 362 
namely titanomagnetite and ilmenite (Millet et al., 2016; Johnson et al., 2019). Thus the main 363 
driver of Ti isotope fractionation is the proclivity for Fe-Ti oxides to extract light Ti isotopes from 364 
the melt, due to the co-ordination number contrast between Fe-Ti oxides (predominantly 6-fold) 365 
and melt (dominantly 5-fold with minor 6-fold; see Farges et al. (1996) and Farges and Brown 366 
(1997)). 367 
A recent study by Deng et al. (2019), based on measurements of samples from the Afar 368 
rift (Pik et al., 2006) and Hekla (Savage et al., 2011), observed that sub-alkaline lavas from 369 
intraplate settings are more fractionated than differentiated lavas from other settings at a given 370 
SiO2 content. Our data reveal that each of the three magma series, alkaline, calc-alkaline and 371 
tholeiitic display distinct 49/47Ti fractionation patterns across multiple indices of magmatic 372 
differentiation (Fig. 2). Importantly, the majority of 49/47Ti data in the literature have been 373 
reported with SiO2 contents as the sole differentiation index. In this particular compositional 374 
space, alkaline suites display greater Ti isotope fractionation at a given SiO2 content relative to 375 
tholeiitic and calc-alkaline suites respectively (Fig. 2a). The offset in Ti isotopic compositions 376 
between the three magma series is particularly apparent at the more evolved end of the 377 
fractionation paths (>65 wt% SiO2), with samples from alkaline suites surpassing the range 378 
recorded in the other suites by >1  (Fig. 2). It is noteworthy that the evolved lavas of 379 
intraplate settings are depleted in TiO2 (0.2-0.4 wt% for samples with SiO2 >65 wt%) relative to 380 
those of arc settings (0.3  1.0 wt% for samples with SiO2 >65 wt%). This is consistent with i) 381 
large amounts of Fe-Ti oxide crystallisation (e.g. Barling et al., 1990b) and ii) evolved lavas 382 
from intraplate settings being the products of high degrees (>80%) of fractional crystallisation 383 
(e.g. Chamberlain et al., 2019), hence the fraction of Ti remaining in the melt is lower and in 384 
accordance with the lever rule the Ti isotopic variation between primitive and evolved melts is 385 
enhanced (Fig. 2c).  386 
Contrasting patterns of fractionation emerge depending on the differentiation index 387 
used (i.e. SiO2 content or Mg#), which can be utilised to better constrain the mechanisms of Ti 388 
isotope fractionation in magmas. In 49/47Ti-Mg# space, calc-alkaline suites display higher 389 
49/47Ti values relative to tholeiitic suites at a given Mg# (Fig. 2b), with tholeiitic series exhibiting 390 
the smallest increase in 49/47Ti at a given Mg# (Fig. 2b). These observations (compared to 391 
SiO2) can be accounted for by the more oxidised and H2O-rich nature of calc-alkaline magmas, 392 
which serves to supress the onset of plagioclase fractionation and enable the earlier 393 
crystallisation of clinopyroxene and Fe-Ti oxides during magma evolution (Gaetani et al., 1993; 394 
Sisson and Grove, 1993; Grove et al., 2003; Howarth and Prevec, 2013; Nandedkar et al., 395 
2014). This effect promotes a faster increase in SiO2 relative to a slower decrease in Mg# 396 
during differentiation of oxidised magmas, thus leading to different trajectories during magma 397 
evolution observed between Figures 2a and 2b.  398 
Our data also show a systematic offset between alkaline and tholeiitic magma suites, 399 
with alkaline suites always displaying higher 49/47Ti relative to tholeiitic suites at a given SiO2 400 
or Mg#. This might be related to the generally higher TiO2 content of alkaline lavas, which 401 
controls the composition of the oxide phase(s) at equilibrium (Toplis and Carroll, 1995). The 402 
effect of melt chemistry on the composition of the oxide phase is best seen in Figure 3, in 403 
which the evolution of TiO2 concentration and FeO*/TiO2, which are both strongly controlled by 404 
the composition of the oxide phase (e.g. Shellnut et al., 2009), is shown with respect to SiO2. 405 
The evolution of FeO*/TiO2 with respect to SiO2 can be divided into two distinct stages (stage 1 406 
and stage 2) for each differentiation suite (Fig. 3). Each of the three magma series displays a 407 
sharp contrast in slope (i.e. d(FeO*/TiO2)/dSiO2 and dTiO2/dSiO2) between the two stages (Fig 408 
3). The slope d(FeO*/TiO2)/dSiO2 ranges from negative in stage 1 of tholeiitic suites to positive 409 
in alkaline suites. The d(FeO*/TiO2)/dSiO2 slopes of stage 2 are consistently more positive than 410 
their stage 1 counterparts in each differentiation suite (Fig. 3).  411 
The range of d(FeO*/TiO2)/dSiO2 displayed in our sample suites is best explained by 412 
the crystallisation of oxides of varying compositions, from Ti-poor (negative slopes) to Ti-rich 413 
(positive slopes). This is corroborated by petrographic evidence indicating that slope inflections 414 
in Fig. 3 are the manifestation of changes in the crystallising oxide phase during magmatic 415 
differentiation. Indeed, samples that fall within stage 1 of alkaline suites contain high-Ti 416 
titanomagnetite (>19 wt% TiO2) and a minor amount of ilmenite (>48 wt% TiO2; Table 1), 417 
whereas both calc-alkaline and tholeiitic suites lack ilmenite in stage 1. Calc-alkaline suites 418 
(Santorini) crystallise minor amounts of titanomagnetite and display a weak negative slope. All 419 
tholeiitic suites lack Fe-Ti oxide phenocrysts during stage 1 and display strong negative slopes. 420 
The onset of stage 2 in alkaline suites corresponds to the increase in the modal proportion of 421 
ilmenite relative to Ti-magnetite (Table 1). In contrast for both calc-alkaline and tholeiitic suites, 422 
titanomagnetite becomes dominant and more Ti-rich than in stage 1. This results in 423 
d(FeO*/TiO2)/dSiO2 that is more positive in stage 2 relative to stage 1 yet less positive than in 424 
alkaline suite due to the absence of significant amount of ilmenite.  425 
 426 
5.2. Modelling Ti isotope fractionation during magmatic differentiation 427 
 428 
As noted by Deng et al. (2019) the Ti concentration of silicic melts (>65 wt% SiO2) from 429 
different magmatic series are roughly comparable, yet their 49/47Ti compositions differ 430 
considerably (Fig. 2). This suggests that differences in the crystal phases segregated and/or 431 
the total amount of crystallisation during magma evolution in different magma series control the 432 
Ti elemental and isotopic budget of magmas. Here we investigate these contrasts using linear 433 
regressions (Fig. 4).  434 
The fraction of Ti in a melt (expressed as ln fTi in order to linearise fractionation 435 
relationships, see below) is derived using the relative differences in concentrations of TiO2 and 436 
the average of two highly incompatible trace elements (for which the bulk Kd is <<1 and can 437 
effectively be assumed to be 0) that show consistent enrichment patterns with increasing 438 
differentiation (Rb and Th, Rb and Ba, Rb and La, and Ba or La where appropriate, see Table 439 
S1) between any sample and the most primitive sample of each suite as a proxy for the fraction 440 
of remaining melt.  441 
Bulk solid-melt fractionation factors ( solid-melt) were derived empirically by taking a 442 
weighted least squares linear regression between the fraction of Ti remaining in the melt and 443 
the isotopic composition for each differentiation suite. Rearranging the conventional isotopic 444 
Rayleigh distillation equation for fractional crystallisation gives: 445 
 446 
     
 
 
       
 447 
Where fTi is the fraction of Ti remaining in the melt, RA/R0 is the 49Ti/47Ti of a sample (A) 448 
relative to the most primitive sample (0) and  is the bulk solid-melt fractionation factor. The 449 
value of , and related uncertainites, for a set of samples can then be obtained by weighted 450 
least squares linear regression, which one was done for both stages of each sample suite 451 
(Figure 4). 452 
As there are currently no published trace element data for the Alarcon Rise samples, 453 
the fractional crystallisation of this suite was modelled using the Rhyolite MELTS software 454 
(Gualda et al., 2012; Fig. S1). Using D395-R11 as a staring composition (Table S1) 455 
crystallisation occurs under parameters similar to those specified by Clague et al. (2018), with 456 
0.2 wt % H2O, a pressure of 800 bar and oxidation state of QFM-1 (Fig. S1). Following the 457 
approach of Millet et al. (2016), the Ti isotope evolution of the melt is then calculated using a 458 
Rayleigh distillation law and an isotope fractionation factor between Fe-Ti oxides and melt 459 
(∆49/47Tioxide-melt) weighted according the proportion of Ti sequestered by Fe-Ti oxides at each 460 
step of the model. The best fit for the Alarcon Rise data was achieved using an empirical value 461 
of ∆49/47Tioxide-melt = -0.38   106/T2 (with T in K). 462 
Titanium isotopic fractionation models reveal that no single fractionation factor can 463 
account for: (i) the full Ti isotopic evolution of all magma series; and (ii) the range of variation 464 
within individual differentiation suites. In all suites where a large range of magma differentiation 465 
is captured (i.e. from mafic to silicic magmas), the bulk solid-melt fractionation factors for stage 466 
1 and 2 are significantly distinct (Fig. 4). The point at which each linear regression intersects 467 
the stage 1/stage 2 boundary from Fig. 3 are consistently within error (Fig. 4). Because both 468 
stages of magma evolution occur at different temperatures (Table 1), we first examine the 469 
effect of temperature on the magnitude of Ti isotope fractionation in stage 1 and 2 within each 470 
suite (Fig. 4).  471 
 472 
5.3. The effect of temperature on Ti isotope fractionation 473 
 474 
It has been well established that isotope fractionation factors (expressed as ln ) are 475 
proportional to 1/T2 (where T is the absolute temperature in Kelvin; e.g., Urey, 1947; Bigeleisen 476 
and Mayer, 1947; Schauble, 2004). As such, differences in observed fractionation factors 477 
between sample suites could be linked to difference in the temperature of magmatic 478 
differentiation between geodynamic settings and/or in magma storage conditions. However, 479 
two lines of argument indicate that temperature does not play a major role in the observed Ti 480 
isotope fractionation observed in our sample suites. 481 
First, the decrease in temperature from stage 1 to stage 2 for all magma suites could be 482 
consistent with the decrease in the bulk solid-melt. We tested the effect of temperature on 483 
modelled bulk crystal-melt fractionation factors by recalculating minimum and maximum solid-484 
melt values for stage 1 over the published temperature range of stage 2 for each suite (Fig. 4). 485 
Temperatures ranges were derived using multiple techniques such as Fe-Ti oxide thermometry 486 
and various silicate-liquid thermometers including olivine, plagioclase and clinopyroxene (see 487 
Table 1 and references therein). The temperature-dependent models reveal that across all 488 
three magma series, temperature only has a minor influence on the fractionation patterns, as 489 
all models demonstrate that simply decreasing the temperature is not sufficient to alter the 490 
stage 1 solid-melt in order to reach the increased 49/47Ti values observed in stage 2 (Fig. 4).  491 
Second, our solid-melt values for both stage 1 and 2 do not follow a simple linear 492 
relationship with 1/T2 (Fig. 5) but instead solid-melt across all three magma series displays a 493 
large variation at a given temperature (Fig. 5). Both calc-alkaline and tholeiitic suites 494 
consistently display significantly smaller fractionation factors with decreasing temperature 495 
(increasing 1/T2) compared to alkaline suites (Fig. 5) Consequently, temperature only has a 496 
secondary control on Ti isotope fractionation during magma evolution and other factors such as 497 
melt chemistry and/or structure govern Ti isotope fractionation during magma differentiation. 498 
 499 
5.4. Linking contrasting magnitudes of titanium isotope fractionation to melt composition 500 
 501 
Titanium-bearing oxides host Ti in 6-fold co-ordinated sites, whereas Ti is dominantly 502 
present in 5-fold coordination in silicate melts relative to 6-fold co-ordinated Ti, with 4-fold co-503 
ordinated Ti found in minor amounts only in silicic melts (Farges et al., 1996). Therefore, the 504 
appearance of 4-fold co-ordinated Ti during magma differentiation may lead to distinct 505 
fractionation patterns and increased isotope fractionation factors in silicic melts relative to mafic 506 
melts. The lack of detailed melt structure data for Ti makes it difficult to estimate how melt 507 
composition affects the Ti coordination as well as over what range of silica content 4-fold co-508 
ordinated titanium appears and whether it coincides with the boundary between stage 1 and 2 509 
(Figures 3 and 4). Nevertheless, the coordination environment in silicate melts can be 510 
qualitatively evaluated using an estimate of melt polymerisation such as NBO/T (i.e. the ratio 511 
between non-bridging oxygen and tetrahedrally co-ordinated cations; Mills, 1993). Across all 512 
the sample suites investigate in this study, it is notable that i) the decrease in NBO/T is 513 
monotonic over the entire SiO2 range and ii) all suites broadly align on the same overall trend, 514 
thus indicating no major differences in their respective coordination environment (Fig. 6). 515 
Therefore, while more detailed studies of Ti coordination in silicate melts are warranted, it 516 
appears unlikely that melt structure plays a dominant role in controlling mass-dependent Ti 517 
isotope variations in magmatic systems. 518 
In contrast, our data suggest that Ti isotope fractionation in magmas is controlled by the 519 
abundance and composition of oxides in the segregating crystal fraction, which itself is 520 
controlled by melt chemistry, especially melt FeO and TiO2 content (e.g. Toplis and Carroll, 521 
1995). The boundary between stage 1 and stage 2 does not occur at the same proportion of Ti 522 
remaining in the melt (-lnfTi) in all suites, yet it is broadly consistent between suites of the same 523 
magma series and corresponds to major inflections in FeO*/TiO2 vs. SiO2. Importantly, the 524 
least fractionated suites also have the most Ti remaining in the melt after stage 1 (c. 50% for 525 
tholeiitic series), followed by calc-alkaline (c. 25%) and alkaline (c. 15%). This reflects the 526 
amount of Ti partitioning into the oxide phase, which increases from tholeiites to calc-alkaline 527 
and alkaline magmas.  528 
The melt chemistry control on Ti isotope fractionation in magma is further indicated by a 529 
robust covariation between calculated solid-melt fractionation factors and d(FeO*/TiO2)/dSiO2 530 
(Fig. 7). This correlation holds for all stages and all suites (including those measured by Deng 531 
et al., 2019 and Johnson et al., 2019) apart from stage 1 of tholeiitic suites, in which there is no 532 
resolvable fractionation (Fig. 4). All fractionation factors are recalculated to a common 533 
temperature of 1000 C (Fig. 7). The relationship in Fig. 7 can be described using a least 534 
squares regression as follows:  535 
   
    
 
   
    
          
       
    
 
   
    
      
            
    
 
   
    
           
This correlation suggests that the Ti content of Fe-Ti oxides plays an important role in 536 
controlling Ti isotope fractionation during magmatic differentiation, with Ti-rich oxides having a 537 
stronger affinity for light isotopes of Ti than Ti-poor oxides, which is consistent with the results 538 
of a recent ab-initio study of inter-mineral Ti isotope fractionation by Wang et al. (2020), with 539 
rutile (TiO2) possessing a greater fractionation factor than that of ilmenite and geikielite 540 
(MgTiO3). Wang et al. (2020) did not perform ab-initio calculations for titanomagnetite but 541 
postulated that variations in its Ti contents would also likely affect its fractionation factor. This 542 
observation is also consistent with studies of other isotope systems, namely Fe isotopes, in 543 
which spinel solid-solution plays an important role in controlling equilibrium Fe isotope 544 
fractionation factors (e.g. Roskosz et al., 2015). Studies of the crystal structure of Ti-bearing 545 
oxides indicate that while the Ti-O bonds in titanomagnetite (0.205-0.206 nm) are longer than 546 
in ilmenite (0.197-0.199 nm; Wechsler et al., 1984; Wechsler and Prewitt, 1984), they also 547 
display different crystal structure. Titanomagnetite has an inverse spinel structure with a Fd3m 548 
space group (e.g. Bragg 1915; Nishikawa 1915; Barth and Posnjak, 1932) which contains one 549 
IV-co-ordinated cation and two VI-co-ordinated cations per four oxygens. At high temperature 550 
(>850 C), Fe and Ti can become randomly distributed between these sites, implying that some 551 
Ti in titanomagnetite may be hosted in 4-folded coordination (Wu and Mason, 1981; O Neill and 552 
Navrotsky, 1983; Wechsler et al. 1984). No such disorder could be observed in the R3 space 553 
group of ilmenite up to a temperature of 1050 C (Wechsler and Prewitt, 1984), where all Ti4+is 554 
hosted in 6-fold coordination. Thus, the crystal structure of titanomagnetite provides a potential 555 
mechanism by which it does not fractionate Ti isotopes as much as ilmenite. In addition, such a 556 
mechanism would also imply that the Ti isotope fractionation factor between titanomagnetite 557 
and melt should be linked to its Ti content for a given temperature.   558 
 559 
5.5. Implications of redox conditions and water content on titanium isotope fractionation 560 
 561 
Our data establishes that at, a given Mg#, calc-alkaline arc suites have a heavier Ti 562 
isotopic composition than tholeiitic suites (Fig. 2). However, when the three individual arc suites 563 
are examined in isolation, they define distinct Ti isotopic fractionation paths (Fig. 8).  Primitive 564 
Santorini samples display an early increase in 49/47Ti at high Mg#, compared to Agung, which 565 
in turn, is heavier than Monowai (Fig. 8). The resolvable Ti isotopic fractionation in basalts and 566 
basaltic andesites is a result of the early onset of Fe-Ti oxide crystallisation (Fig.8).  567 
Basaltic magmas at Santorini have an estimated initial H2O content of 3-5 wt% and fO2 568 
~ QFM +0.5 (Andújar et al., 2015, 2016). Based on the methodology of Parman et al. (2010), 569 
which utilises Al2O3 vs. MgO fractionation paths as a proxy for the suppression of plagioclase to 570 
infer pre-eruptive H2O contents, Dempsey (2013) derived initial H2O contents of 2-3 wt% for the 571 
Agung suite. Based on major element trends and thermobarometry of basaltic glasses, Kemner 572 
et al. (2015) concluded that Monowai parental basalts contain between ~0.5-1.1 wt% H2O and 573 
follow a typical tholeiitic and hence a reduced fractionation path.  574 
The onset of Fe-Ti oxide crystallisation is dependent on the interplay between initial 575 
melt H2O contents and fO2. Toplis and Carroll (1995, 1996) demonstrated that the saturation 576 
temperatures of Fe-Ti oxides are dependent on fO2, with oxidising conditions in calc-alkaline 577 
suites being favourable to the early saturation of titanomagnetite.  Increasing the H2O content 578 
in a melt depresses the temperature of when both Fe-Mg silicates and plagioclase appears on 579 
the liquidus, whereas magnetite crystallisation is independent of H2O contents (e.g. Sisson and 580 
Grove, 1993; Berndt et al., 2005; Feig et al., 2010). 581 
Experimental studies have examined the differentiation pathways of tholeiitic basalts 582 
(e.g. Berndt et al., 2005; Feig et al., 2010) and arc basalts (e.g. Sisson and Grove, 1993; 583 
Tatsumi and Suzuki, 2009; Andujar et al., 2015; Melekhova et al., 2015) under differing initial 584 
H2O contents and fO2 conditions. Hydrous experiments on arc basalt starting compositions 585 
produced both a higher modal abundance of Fe-Ti oxides and greater depletions in TiO2 with 586 
increasing H2O (e.g. Tatsumi and Suzuki, 2009; Andujar et al., 2015; Melekhova et al., 2015). 587 
Therefore, the pattern of Ti isotope fractionation observed in our arc differentiation suites is 588 
consistent with earlier oxide saturation, specifically titanomagnetite, in more hydrous and 589 
oxidised magmas (e.g. Gaetani et al., 1993; Sisson and Grove, 1993; Grove et al., 2003), such 590 
as Santorini and Agung. The latter have significantly higher initial H2O contents than Monowai 591 
which sets differentiating magmas under different fO2 conditions on distinct but subparallel 592 
trends in 49/47Ti versus Mg# space (Fig. 8).  593 
These results indicate that variation of Ti isotope fractionation between different arc 594 
differentiation suites is in part a function of contrasting magma water content and hence redox 595 
conditions. Measurements of Ti isotopic variations in other arc differentiation suites that have 596 
well-constrained redox and H2O information, will allow the calibration of Ti isotopes as a novel 597 
isotopic proxy for H2O contents and fO2 conditions in arc magmas.  598 
 599 
6. Conclusion 600 
 601 
This study presents a comprehensive investigation of the behaviour of mass-dependent 602 
Ti isotope variations in terrestrial magmatic systems in order to deduce the controls on its 603 
isotopic fractionation. The main conclusions of this study are as follows: 604 
 605 
1. There are contrasting patterns of Ti isotope fractionation during magmatic differentiation 606 
between different magmatic environments related to the fractional crystallisation of 607 
isotopically light Fe-Ti oxides. Of the investigated magma series, alkaline differentiation 608 
suites from intraplate settings display the most substantial variation in their Ti isotopic 609 
composition ( 49/47Ti = +0.01 to +2.32 ), followed by tholeiites (-0.01 to +1.06 ) and calc-610 
alkaline suites (+0.06 to +0.64 ).   611 
2. The co-evolution of FeO*/TiO2 and 49/47Ti in differentiating magmas indicates that 612 
magnitude of Ti isotopic fractionation is dominantly controlled by the composition and 613 
abundance of Fe-Ti oxides. This, in turn, is linked to the Fe-Ti contents of primitive 614 
magmas. Alkaline suites have a much higher FeO* and TiO2 melt content which enables 615 
the early crystallisation of titanomagnetite and ilmenite, and a higher modal abundance of 616 
Fe-Ti oxides in general. In contrast, titanomagnetite serves as the dominant control of the Ti 617 
budget in the other suites. 618 
3. Arc suites show different Ti isotope fractionation paths that scale with the redox state and 619 
H2O content of parental magmas. Hydrous, oxidised calc-alkaline suites like Santorini and 620 
Agung display an enrichment in heavier Ti isotopes at a given Mg# relative to drier and 621 
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Figure Captions 930 
 931 
Fig. 1. Whole rock major element variation and discrimination diagrams (a) TiO2 vs SiO2 ; (b) TiO2 932 
vs Mg#; (c) K2O vs SiO2 (Peccerillo and Taylor, 1976); (d) Total Alkalis vs. SiO2 (Le Bas et al., 933 
1986); for the differentiation suites measured in this study (see Table S1 and references therein) 934 
exhibiting the distinct major element fractional crystallisation paths characteristic of each suite; 935 
Alkaline (red), calc-alkaline (blue) and tholeiitic (green). Samples measured for Ti isotopic 936 
compositions are denoted by the larger empty symbols. Samples from Deng et al. (2019) are 937 
included for comparison. Boundary lines for K2O vs SiO2 and Total Alkalis vs. SiO2 diagrams were 938 
taken from Rickwood (1989). 939 
 940 
Fig. 2. Variations of 49/47Ti ( ) versus (a) SiO₂ content, (b) Mg#, (c) TiO2 and (d) V contents 941 
(where data is available). Uncertainties for 49/47Ti (95% confidence interval measurement 942 
precision) are smaller than the size of the symbols. 943 
Fig. 3. Whole rock TiO2 vs. SiO2 and FeO*/TiO2 vs. SiO2 diagrams of the differentiation suites 944 
measured in this study. Samples measured for Ti isotopic compositions are marked as gold 945 
crosses. Data are reported in Table S1. Inflections in both FeO*/TiO2 vs. SiO2 and TiO2 vs. SiO2 946 
compositional space, indicated by the dashed lines, define two stages (stage 1 and stage 2) of 947 
evolution of each of the suites. These inflections mark either the appearance or change in the 948 
modal abundance and composition of Fe-Ti oxides (see section 5.2 for details). 949 
Fig. 4. Ordinary least squares linear regressions of the Ti isotopic evolution of differentiation suites 950 
from each of the three magma series; (a) Afar (alkaline), (b) Ascension (alkaline), (c) Heard 951 
(alkaline), (d) Hekla (data from Deng et al., 2019; sub-alkaline), (e) Santorini (calc-alkaline) and (f) 952 
Monowai (tholeiitic). The fraction of Ti remaining in the melt (-lnfTi) was calculated using 953 
incompatible trace elements (see Table S1). The Afar suite from Deng et al. (2019) could not be 954 
considered due to lack of available major and trace element data. Ordinary least regressions were 955 
performed for each of the two stages of melt evolution as defined by the major element 956 
relationships (Fig. 3), with the stage boundaries demarcated by the coloured dashed lines. Bulk 957 
solid-melt fractionation factors derived from weighted least squares regression (see section 5.2 for 958 
details). Bulk solid-melt values are labelled for each stage and are shown as dashed black lines. 959 
Shaded areas denote the 2s error envelope of the ordinary least squares linear regression. Stage 960 
1 solid-melt values re-calculated at the recorded temperature ranges for stage 2 (see Table 1, 961 
temperature ranges for stage 1 and 2 of Hekla were sourced from Höskuldsson et al., 2007; Lucic 962 
et al., 2016; and Weber and Castro, 2017) are plotted as dashed black lines and show that the 963 
temperature decrease during magma differentiation cannot account for the observed range of Ti 964 
isotope fractionation (see section 5.3 for details). 965 
Fig. 5. Bulk solid-melt fractionation factors ( solid-melt) plotted as a function of 1/T2 (K-2). X axis error 966 
bars indicate the range of temperature taken from Table 1 for stage 1 and 2 (temperature ranges 967 
for stage 1 and 2 of Hekla were sourced from Höskuldsson et al., 2007; Lucic et al., 2016; and 968 
Weber and Castro, 2017).  Dashed black lines indicate linear functions of solid-melt versus1/T2 (K-2).  969 
Fig. 6. Variation of NBO/T (ratio of Non-Bridging Oxygen and Tetrahedrally co-ordinated cations; 970 
Mills, 1993) vs. SiO2 for all differentiation suites (Alkaline, Calc-alkaline and Tholeiitic) measured 971 
for their Ti isotopic composition in this study.  972 
Fig. 7. (a) Bulk solid-melt fractionation factors ( solid-melt) derived from weighted least squares 973 
regressions calculated at 1000 C (Fig. 4) shown as a function of (dFeO*/TiO2)/dSiO2 values taken 974 
from Figure 3. Error bars display the 2s uncertainty on the data points. Error related to temperature 975 
ranges for each stage has been propagated. The black line indicates the least squares regression 976 
of the data, with the orange lines indicating the 2s uncertainty of the regression. Data from stage 1 977 
of Tholeiitic suites are excluded from the regression as they display no resolvable fractionation. A 978 
co-variation trend (R2=0.75) can be observed between decreasing solid-melt and increasing 979 
FeO*/TiO2 slope. The (dFeO*/TiO2)/dSiO2 of Hekla is based on a representative dataset sourced 980 
from GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc/), which includes all samples from 981 
Savage et al. (2011). For Kilauea Iki, (dFeO*/TiO2)/dSiO2 is based on selected whole rock and 982 
glass data from Helz et al. (1994) and Greaney et al. (2019) respectively; picrites and olivine 983 
basalts have undergone significant accumulation of olivine phenocrysts (Helz, 1987) and were 984 
therefore excluded. The value of -0.39 ± 0.06  ( solid-melt = 0.99961) produced by Johnson et al. 985 
(2019) plotted for comparison and is in good agreement with the co-variation shown in Fig. 7. 986 
Figure symbols are identical to those shown in Figure 5. 987 
 988 
Fig.8. Variations of 49/47Ti versus Mg# for arc differentiation suites. Distinct fractionation patterns 989 
are observed for the different suites, with suites deriving from wetter and more oxidised parental 990 
magmas displaying earlier onset of Ti isotope fractionation linked to earlier onset of oxide 991 
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Supplementary Figure S1 - Evolution of Alarcon 49/47Ti values with respect to a) SiO2, b) MgO, c) Mg# and, d) TiO2. The black dashed line represents a fractional crystallisation 
model produced using Rhyolite-MELTS (Gualda et al., 2012) assigned to fit the Alarcon Rise differentiation suite. Sample D395-R11 was used as a starting composition (see Table 
S1). Crystallisation occurs conditions similar to those specified in Clague et al. (2018); 0.2 wt% H2O, an oxidation state of QFM-1 and 800 kbar. Best fit for the data was obtained 
using a Ti stable isotope fractionation factor between oxides and melt of 49/47Tioxide-melt = -0.38 × 10
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Research Highlights 
 
- Magma series show distinct Ti isotope fractionation patterns during differentiation 
- Fe and Ti content of parental melts is the main control on Ti isotope fractionation 
- Redox state and water content are secondary controls for arc magmas.  
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